Background Cutaneous T-cell lymphomas are rare non-Hodgkin lymphomas with substantial morbidity and mortality in advanced disease stages. We compared the efficacy of mogamulizumab, a novel monoclonal antibody directed against C-C chemokine receptor 4, with vorinostat in patients with previously treated cutaneous T-cell lymphoma.
Introduction
Cutaneous T-cell lymphomas are a rare and heterogeneous group of extranodal T-cell lymphomas characterised by skin involvement, with an overall US incidence of 7·5 cases per 1 million people. 1 The most common type of cutaneous T-cell lymphoma is mycosis fungoides, an indolent neoplasm characterised by variable type and extent of skin disease (patches, plaques, tumour-type, and erythroderma), with a subset of patients either presenting with or developing extracutaneous disease. Sézary syndrome is a much rarer but more aggressive type of cutaneous T-cell lymphoma, characterised by erythro derma, lymphadenopathy, and blood involvement with neoplastic T cells. Together, mycosis fungoides and Sézary syndrome account for about two-thirds of all cutaneous T-cell lymphomas. 2 With substantial clinical and biological overlap, both disease types can cause lifelong morbidity, decreased quality of life due to chronic skin impairment with intractable itching, recurrent infections, disfiguring skin lesions, sleep disturbance, and psychosocial problems. 3 The burden of disease in skin and the presence of extracutaneous disease are primary determinants of survival. [4] [5] [6] [7] Patients with advanced-stage mycosis fungoides and Sézary syndrome (stages IIB-IVB disease) have a median overall survival of approximately 5 years. 6 Patients with early-stage mycosis fungoides (IA-IIA) are treated primarily with skin-directed therapies, whereas those with treatment-resistant early-stage mycosis fungoides, advanced-stage mycosis fungoides, or Sézary syndrome require systemic drugs, including retinoids, methotrexate, interferons, histone deacetylase inhibitors (eg, vorinostat and romidepsin), brentuximab vedotin, or cytotoxic chemotherapeutic drugs. 8, 9 Many of these drugs were approved on the basis of small, single-arm or nonrandomised trials with varied response criteria. The largest phase 3 trial comparing systemic therapies reported so far included 131 patients. 10 Except for allogeneic haemopoietic stem cell transplantation, there are no curative options for cutaneous T-cell lymphoma. Patients with cutaneous T-cell lymphoma often experience disease progression on therapy or become resistant to existing treatments, resulting in a need for newer therapies that target all disease compartments (skin, blood, lymph nodes, and viscera) and provide a durable response.
Mogamulizumab (KW-0761; Kyowa Kirin, Tokyo, Japan), a first-in-class defucosylated humanised IgG1 κ monoclonal antibody, selectively binds to C-C chemokine receptor 4 (CCR4) with enhanced antibody-dependent cellular cytotoxicity activity.
11 CCR4, which is involved in cell trafficking of lymphocytes to skin, is consistently expressed on the surface of tumour cells in T-cell malignancies, such as cutaneous T-cell lymphoma (including mycosis fungoides and Sézary syndrome), adult T-cell leukaemia-lymphoma, and peripheral T-cell lymphoma. [12] [13] [14] [15] Mogamulizumab has been approved in Japan for relapsed or refractory CCR4-positive adult T-cell
Research in context
Evidence before this study We searched PubMed, Embase, and Cochrane Library for phase 2 and phase 3 clinical trials in patients with cutaneous T-cell lymphoma done in the past 20 years (between Jan 1, 1998, and Jan 17, 2018) with the following search string: ("cutaneous T-cell lymphoma" OR "CTCL" OR "mycosis fungoides" OR "Sézary syndrome"), with no language restrictions. In the previous two decades, most prospective phase 2 or 3 clinical trials of systemic agents were either non-randomised (67 studies in total) or randomised to compare one or more doses of an agent, with or without a placebo or observational arm (five studies in total). Two non-randomised mogamulizumab trials were identified in our search-one phase 1/2 trial and one phase 2 trial. One phase 3 randomised trial published in 2017 (n=131; ALCANZA) compared systemic drugs (brentuximab vedotin vs physician's choice of methotrexate or bexarotene) in previously treated patients with CD30-positive mycosis fungoides or primary cutaneous anaplastic large-cell lymphoma-with exclusion of patients with Sézary syndrome-and used objective global response lasting at least 4 months as the primary endpoint. In published studies, the proportion of patients who achieved an objective response was determined by a range of methods, with trials before 2011 generally using less comprehensive assessments.
Added value of this study
Previous studies of systemic agents in cutaneous T-cell lymphoma that included Sézary syndrome as a major subtype were single-arm trials that mostly used the proportion of patients achieving an overall response as the primary endpoint. Although both overall response and progression-free survival are clinically relevant endpoints in cutaneous T-cell lymphoma, progression-free survival also captures the duration of disease control (absence of disease progression) with treatment, and therefore might more broadly reflect the overall clinical benefit in patients with cutaneous T-cell lymphoma, who often have a chronic disease course. To our knowledge, the phase 3 MAVORIC trial is the largest randomised study of systemic therapy in cutaneous T-cell lymphoma and the first to compare systemic therapies using progression-free survival as a primary endpoint. Our results show that mogamulizumab was superior to vorinostat for investigator-assessed median progression-free survival, the study's primary efficacy endpoint, and also for the proportion of patients who achieved an overall response and for quality-of-life outcomes, with a manageable safety profile consistent with previous studies.
Implications of all the available evidence
Our MAVORIC study found that, in patients with previously treated mycosis fungoides or Sézary syndrome, treatment with mogamulizumab, a first-in-class anti-CC chemokine receptor 4 monoclonal antibody, resulted in superior progression-free survival, a higher proportion of patients achieving an overall response, and better patient-reported outcomes than vorinostat, a US Food and Drug Administration-approved histone deacetylase inhibitor. Therefore, mogamulizumab could be a valuable new therapeutic option for patients with cutaneous T-cell lymphoma.
leukaemia-lymphoma (2012), peripheral T-cell lymphoma (2014), and cutaneous T-cell lymphoma (2014). 16 In a US-based phase 1/2 study in patients with cutaneous T-cell lymphoma, mogamulizumab showed an acceptable safety profile and promising efficacy, with 37% of patients achieving an overall response, and 95% achieving a response in the blood compartment. 17 These encouraging results led to the development of our phase 3 MAVORIC study, which compared mogamulizumab to vorinostat, a US Food and Drug Administration (FDA)-approved drug with established clinical activity, 18, 19 in previously treated patients with mycosis fungoides or Sézary syndrome. Both the proportion of patients achieving an overall response and progression-free survival are clinically relevant efficacy endpoints in cutaneous T-cell lymphoma. However, in contrast to the proportion of patients achieving an overall response, progression-free survival also provides information about the duration of disease control (ie, absence of disease progression) with treatment, and therefore might more broadly reflect overall meaningful clinical benefit in patients with cutaneous T-cell lymphoma, who often have a chronic disease course. Therefore, we undertook a phase 3 randomised trial comparing systemic therapies in previously treated patients with cutaneous T-cell lymphoma in which we used progression-free survival as the primary endpoint.
Methods

Study design and participants
MAVORIC is an open-label, international, randomised controlled phase 3 trial done at 61 medical centres in the USA, Denmark, France, Italy, Germany, the Netherlands, Spain, Switzerland, the UK, Japan, and Australia.
Eligible patients had stage IB-IVB (appendix pp 10-12), 20 histologically confirmed relapsed or refractory mycosis fungoides or Sézary syndrome, were aged at least 18 years (in Japan, ≥20 years), had failed (for progression or toxicity as assessed by the principal investigator) at least one previous systemic therapy, and had an Eastern Cooperative Oncology Group performance score of 1 or less and adequate haematological, hepatic, and renal function. Patients on stable (at least 4 weeks) low-potency or intermediate-potency topical steroids or low-dose (≤20 mg) systemic steroids could continue steroid use, but initiation of steroids on study (except topical steroids to treat drug rash) was not permitted. Patients previously treated with anti-CD4 antibody or alemtuzumab were eligible for inclusion provided their CD4+ cell counts were at least 200 per mm³. Key exclusion criteria were large cell transformation at study entry, previous mogamulizumab treatment, previous vorinostat treatment (brief exposure without evidence of progression or toxicity on treatment was allowed with sponsor approval), CNS metastasis, active autoimmune disease, clinically significant uncontrolled intercurrent illness, and previous allogeneic transplant. Previous cutaneous T-cell lymphoma skin-directed therapy within 2 weeks or systemic therapy within 4 weeks of randomisation was not allowed. CCR4 expression was not a requirement for participation (for full eligibility criteria see appendix pp 70-73).
The trial was done in accordance with the Declaration of Helsinki, the International Conference on Harmonisation consolidated Good Clinical Practice guideline, and any applicable national and local laws and regulations. The protocol and all subsequent amendments were reviewed and approved by institutional review boards or independent ethics committees at each site. An independent data monitoring committee oversaw patient safety. All patients provided written informed consent.
Randomisation and masking
Patients were randomly assigned (1:1) to receive mogamulizumab or vorinostat and stratified by cutaneous T-cell lymphoma subtype (mycosis fungoides vs Sézary syndrome) and disease stage (IB-II vs III-IV). We assigned screening numbers using an interactive voice web response system. When the patient was determined eligible for randomisation, the investigator or designee contacted the interactive voice web response system to obtain the randomisation assignment for the patient.
In this open-label study, patients and investigators were not masked to treatment assignment; thus, a blinded independent review was done to assess response and date of progression and account for potential bias during the randomised treatment period. This blinded review consisted of independent radiological evaluation (two-reader framework) and comprehensive review of all modified Severity Weighted Assessment Tool (mSWAT) 21 and flow cytometry data by an independent haematologist with experience in treating patients with cutaneous T-cell lymphoma.
Procedures
Patients received either mogamulizumab 1·0 mg/kg or vorinostat 400 mg. Treatment was administered on an outpatient basis. Each treatment cycle was 28 days. Patients received mogamulizumab intravenously over at least 1 h on days 1, 8, 15, and 22 of the first cycle, and on days 1 and 15 of subsequent cycles. No dose reductions were permitted for mogamulizumab. Vorinostat was administered orally, once daily with food, beginning on day 1. Investigators followed US prescribing information for vorinostat (appendix pp 80-81). 22 Patients could continue treatment until disease progression, drug intolerance, unacceptable toxicity, or any other criteria for treatment discontinuation were met. If the patient had a global complete response (ie, complete response in the skin, and complete response or no involvement in the other three disease compartments [blood, lymph nodes, and viscera]), 20 the patient could continue treatment for up to 12 months or until progression, whichever came first. Patients on vorinostat for at least two cycles who showed confirmed disease progression or had intolerable toxicity (grade ≥3 adverse events, excluding inadequately treated nausea, vomiting, diarrhoea, and alopecia), despite dose reduction and appropriate management of side-effects, could cross over to treatment with mogamulizumab. Crossover was allowed only after discussion with the medical monitor and receipt of sponsor approval to ensure that patients on vorinostat were not discontinued prematurely and protocol criteria for crossover were met. Patients were assessed at least once every 2 weeks for potential adverse events from the time of informed consent until 90 days after the last dose or initiation of alternative therapy.
Compartmental disease was evaluated by the mSWAT, CT scans, and flow cytometry (appendix pp [13] [14] [15] [16] [17] [18] . 20 Clinical response to treatment in skin and blood was assessed every 4 weeks. Investigators specifically trained in mSWAT evaluated skin disease. 2, 21 We assessed response in the blood compartment by flow cytometry done at a central laboratory (Q2 Solutions; Morrisville, NC, USA). Lymph nodes and visceral disease were identified by size criteria and evaluated by CT scans at Figure 1 : Trial profile *Of the 109 patients who crossed over to mogamulizumab because of disease progression, six had worsening disease or symptoms that did not meet the criteria for progression according to cutaneous T-cell lymphoma response criteria (clinical progression). †Patients crossed over due to the following toxicities: fatigue (five patients); pulmonary embolism (four patients); thrombocytopenia (three patients); diarrhoea (three patients); asthenia (two patients); deep vein thrombosis (one patient); peripheral neuropathy (one patient); myalgia (one patient); blood creatinine increased (one patient); sepsis syndrome (one patient); chronic renal failure (one patient); dysgeusia (one patient); emotional distress (one patient); dermatitis (one patient); and skin rash (one patient).
4 weeks, then every 8 weeks for the first year, and every 16 weeks thereafter. A pretreatment skin biopsy was done to assess CCR4 expression status, which was measured using a fully automated and standardised immunohistochemistry assay (Ventana Medical Systems; Tucson, AZ, USA).
Treatment-emergent adverse events were assessed according to National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. In patients receiving mogamulizumab who developed skin rash of grade 2 or worse, or if the drug rash could not be differentiated from a new area of lymphoma, a skin biopsy was done before the start of topical steroid treatment. In all patients who crossed over from vorinostat to mogamulizumab, the causality of any reported adverse event was assessed for both drugs.
Outcomes
We designed MAVORIC in accordance with the published international consensus guidelines at the time, which recommended progression-free survival as a meaningful primary endpoint for all patients with mycosis fungoides or Sézary syndrome. 20 Thus, the primary endpoint was progression-free survival based on investigator assess ment and defined as the time from randomisation until documented disease progression or death due to any cause (for additional details on endpoints and other study methods, see appendix pp 69-106). We used a global composite response score, based on responses (complete and partial) in each compartment (skin, blood, lymph nodes, and viscera), to determine disease progression for the primary endpoint of progression-free survival and for the secondary endpoint of the proportion of patients achieving an overall response (for details regarding disease assessments, see appendix pp 13-18). 20 The proportion of patients who achieved an overall response included only those patients with confirmed global response at two (or more) successive evaluations at least 8 weeks apart. Other secondary endpoints were duration of response (time from first achievement of an overall response to progression or death); the proportion of patients with an overall response in the crossover portion of the trial; assessment of quality of life using the Skindex-29, Functional Assessment of Cancer Therapy-General (FACT-G), 3-level EQ-5D, pruritus evaluation (Likert scale), ItchyQoL outcome measures; immunogenicity, and safety. Exploratory endpoints were overall survival and exposureresponse relationship of mogamulizuamab (to be reported separately). Ad-hoc analyses included compartmental response and clinical response depending on CCR4 expression status. Post-hoc analyses included time to response (time from randomisation to first achievement of an overall response) and best overall global response.
Statistical analysis
Unless otherwise specified, all efficacy and safety analyses were done on the basis of the first assigned (randomised) treatment. The original protocol was time-driven and powered at 80% to detect a 50% increase in progression-free survival, using a reference median progression-free Data are median (IQR) or n (%). ECOG=Eastern Cooperative Oncology Group. *Not reported for those countries that do not allow race or ethnicity data to be collected. †For ECOG performance status, baseline is defined as the last measurement obtained before the first dose of study drug; two patients in the mogamulizumab group had an ECOG performance status <2 at screening but equal to 2 at baseline. ‡Time from initial diagnosis (months) was calculated as (date of first dose of study medication -date on initial diagnosis + 1) divided by 30. If the month and year of diagnosis were provided but the day was missing, the missing day was imputed as 15. If only the year was provided, then the missing month and day were imputed as July 1 for the calculation. §Two patients (one in each treatment group) were noted to have stage IVB disease at baseline but did not have measurable visceral disease at baseline. ¶Systemic therapies might have been used as monotherapy or in combination with other agents. 22 with a calculated sample size of 217 participants. We amended the protocol in February, 2013, to an event-driven study and concurrent increase in power to 90%, resulting in 255 progressionfree survival events needed and a required enrolment of 288 patients. Sample size was then further increased by around 10% to account for patients lost to follow-up before documented progression, resulting in a projected enrolment of 317 patients. The primary outcome analysis of progression-free survival between mogamulizumab and vorinostat was done on the intention-to-treat populationdefined as all patients randomly assigned to a therapy and assigned a study number-and was based on the results of the onsite investigator's assessment (and confirmed by independent review) using a stratified log-rank test at a one-sided 2·5% significance level. The efficacy evaluable population was patients who had received at least one dose of treatment, had a baseline tumour assessment, and had at least one post-baseline assessment. Safety was assessed in all patients who received at least one dose of study drug. No interim analyses were planned. We used a Cox proportional hazards model with treatment, disease type, disease stage, and region as covariates to assess the magnitude of the treatment difference in progression-free survival; hazard ratios (HRs) and 95% CIs were calculated. We estimated median progression-free survival and duration of response with two-sided 95% CIs for each treatment using Kaplan-Meier survival analysis. Disease type, stage, blood involvement, region, age group, sex, race category, and lactate dehydrogenase were prespecified subgroup analyses for progression-free survival. Randomly assigned patients who withdrew from the study for any reason before documented progression according to the protocol criteria, including those who initiated a new anticancer therapy, were censored at the time of their last efficacy evaluation (of any compartment). We did four preplanned sensitivity analyses for progression-free survival: two modifying censoring rules to incorporate a time component into the definition of progression-free survival event criteria (with death during a specific duration regarded as an event, as follows: within 56 days after last tumour assessment or within 90 days after the last dose of randomised drug, whichever was later, or within 56 days after last tumour assessment); one including progressions that did not meet consensus criteria as progression-free survival events; and one modifying censoring rules when investigator and independent assessments were discordant. For assessments where progression was reported by the investigator but was not confirmed by the independent reviewer, the progression date was set to the last tumour assessment plus 1 day in the mogamulizumab treatment arm and was censored in the vorinostat treatment arm. For response, exact 95% CIs were calculated for the intention-to-treat population, along with the difference in responses between groups. We analysed quality-of-life assessments with mixed-effect model repeated measures using timepoints throughout the assessment period and with mixed model ANCOVA for each timepoint. All statistical analyses were done with SAS version 9.3.
This study is registered with ClinicalTrials.gov, number NCT01728805, and with EUDRACT, number 2012-004766-17. 
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Role of the funding source
The trial was designed by Kyowa Kirin, in close collaboration with the investigators. A scientific advisory committee, consisting of principal investigators who are considered world experts in cutaneous T-cell lymphoma, was involved in study design and conduct. The investigators and funder collected, analysed, and interpreted the data. All authors attest to the accuracy of the data and analyses reported. The authors participated in writing the report, with assistance of a medical writer and medical editor funded by Kyowa Kirin. All authors had full access to the data. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results
Between Dec 12, 2012, and Jan 29, 2016, we enrolled 372 patients and randomly assigned them to receive mogamulizumab (n=186) or vorinostat (n=186); these patients comprised the intention-to-treat population ( figure 1 ). The total number of patients enrolled and randomly assigned to a treatment group exceeded the planned enrolment (n=317) because large numbers of participants were enrolled after sites were notified of the last day to screen, and an allowance by the sponsor for newly initiated sites to screen subjects until Dec 30, 2015. Two patients randomly assigned to mogamulizumab withdrew consent before receiving study treatment; thus, 370 patients were included in the safety population. Treatment groups were similar with respect to demographic and physical characteristics, disease characteristics, and previous cutaneous T-cell lymphoma therapies (table 1) . At the time of data cutoff, 27 patients assigned to mogamulizumab and ten patients assigned to vorinostat remained on treatment. Additionally, 31 patients originally assigned to vorinostat who crossed over to mogamulizumab remained on treatment. The median duration of follow-up was 17·0 months (IQR 11·6-26·9) overall in the randomised part of the study. The median relative dose intensity for mogamulizumab was 97·5% (90·9-100·0). For vorinostat, although 98 (53%) of 186 patients either missed a dose or had a dose reduction, the median relative dose intensity was 95·1% (IQR 80·3-100·0 In the primary analysis, investigator-assessed median progression-free survival was 7·7 months (95% CI 5·7-10·3) for patients assigned to mogamulizumab versus 3·1 months (2·9-4·1) for patients assigned to vorinostat (HR 0·53, 95% CI 0·41-0·69; stratified log-rank p<0·0001; figure 2). According to independent review, median progression-free survival was 6·7 months (95% CI 5·6-9·4) in the mogamulizumab group and 3·8 months (3·0-4·7) in the vorinostat group (HR 0·64, 95% CI 0·49-0·84; p<0·0007). Analysis of progression-free survival in predefined subgroups is shown in figure 3 . In a post-hoc exploratory analysis, median progression-free survival for patients with tumour-type stage IIB disease was 4·2 months (95% CI 2·2-9·4) in patients assigned to mogamulizumab and 3·9 months (1·8-5·7) in patients assigned to vorinostat (HR 0·94, 95% CI 0·46-1·92; p=0·75). Improved progression-free survival times with mogamulizumab versus vorinostat were consistent across all four sensitivity analyses for progression-free survival (data not shown).
The investigator-assessed proportion of patients achieving an overall response was significantly higher for patients assigned to mogamulizumab (52 compartment were higher for patients assigned to mogamulizumab than for patients assigned to vorinostat across the predefined subgroup of disease type and posthoc subgroup involving individual stages (table 2) . Five patients in the mogamulizumab group achieved a global complete response, compared with no patients in the vorinostat group (figure 4). A best overall global response was achieved by 65 (35%) of 186 patients assigned to mogamulizumab, and 81 (44%) patients had at least a 50% improvement in skin response (figure 4). Best overall global responses for patients assigned to vorinostat were reported in 12 (6%) of 186 patients, and 41 (22%) patients had at least a 50% improvement in skin response.
In post-hoc analyses, overall median times to response were 3·3 months (IQR 2·0-6·4) in the mogamulizumab group (52 responders) and 5·1 months (2·9-8·5) in the vorinostat group (nine responders). When we assessed time to response by compartment, patients randomly assigned to mogamulizumab had a median time to response of 1·1 months (1·0-1·2) in blood, 3·0 months (1·9-4·7) in skin, and 3·3 months (2·8-6·8) in lymph nodes. Patients assigned to vorinostat had a median time to response of 1·9 months (1·0-2·1) in blood, 2·7 months (1·1-5·6) in skin, and 2·9 months (1·1-8·5) in lymph nodes. When we assessed duration of response by compartment, the 52 patients on mogamulizumab who responded had a median duration of response in blood of 25·5 months (15·9-not estimable), in skin of 20·6 months (11·2-not estimable), and in lymph nodes of 15·5 months (15·5-15·5). In the nine patients who responded to vorinostat, median duration of response in blood and lymph nodes was not estimable, whereas median duration of response in skin was 10·7 months (4·8-not estimable).
Of the 186 patients randomly assigned to vorinostat, 136 crossed over to mogamulizumab therapy-109 (80%) patients after disease progression and 27 (20%) patients after intolerable toxicity. Three patients approved for crossover did not receive mogamulizumab because of adverse events unrelated to vorinostat. In patients who crossed over from vorinostat to mogamulizumab and subsequently received mogamulizumab, 41 (31%) of 133 patients achieved an overall response. In these patients, post-hoc analysis found that the median progression-free survival from the first dose of mogamulizumab was 8·9 months (95% CI 5·4-14·8). In the 319 patients who were either randomly assigned to mogamulizumab or received mogamulizumab with crossover, post-hoc analysis found that the median progression-free survival time was 8·4 months (6·1-10·3).
The preplanned analyses of Skindex-29, FACT-G, 3-level EQ-5D, and ItchyQoL found mogamulizumab-treated patients had a greater improvement in patient-reported outcomes at the 6-month assessment than did vorinostattreated patients; these findings were statistically significant (appendix p 20). A comprehensive report of patientreported outcomes is planned for future publication. In an exploratory analysis, a total of 280 (97%) of 290 patients with evaluable skin samples had positive CCR4 expression status, predefined as at least 10% infiltrating lymphoid cells. All the samples showed at least 1% positive infiltrating lymphoid cells, with a median percentage CCR4 expression-on a continuous scale-of 80% (range 1-100) for the 290 evaluable patients. There were no apparent differences in the proportions of patients achieving an overall response on the basis of skin CCR4 expression (appendix p 30).
Our exploratory analysis of overall survival showed no evidence of a survival advantage or disadvantage for
Mogamulizumab (n=184)
Vorinostat (n=186) Data are n (%). Events that occurred in either treatment group as grade 1-2 in at least 10% of patients or grade 3-5 in ≥2% of patients. For a full table of adverse events see the appendix (pp 21-26). *Adverse events reported as thrombocytopenia and decreased platelet count are combined into this row. †Adverse events reported as pneumonia, influensal pneumonia, legionella pneumonia, pneumococcal pneumonia, atypical pneumonia, and bronchopneumonia are combined into this row. ‡One patient had an infusion reaction on day 1 of crossover to mogamulizumab treatment (17 days after the last dose of vorinostat) that was indicated as possibly related to vorinostat (and mogamulizumab). §Skin rashes that were assessed by the investigator or sponsor as possibly, probably, or definitely related to study drug. Table 3 : Treatment-emergent adverse events in the safety population mogamulizumab compared with vorinostat. In the mogamulizumab group, median overall survival was not reached compared with 43·9 months (95% CI 43·6-not reached) in the vorinostat group (HR 0·93, 95% CI 0·61-1·43; p=0·9439; appendix p 20).
Infections and infestations
The most common treatment-emergent adverse events of any cause or grade in the 184 patients in the safety population in the mogamulizumab group were infusion-related reactions, drug rash, diarrhoea, and fatigue (table 3) . The most common treatmentemergent adverse events in the 186 patients originally assigned to vorinostat were diarrhoea, nausea, fatigue, and thrombocytopenia. In the 136 patients randomly assigned to vorinostat who crossed over to receive mogamulizumab, the incidence of treatment-emergent adverse events was similar to that observed for patients originally randomly assigned to mogamulizumab (infusion-related reactions in 50 [27] [28] [29] . In the mogamulizumab group, the most frequently reported serious adverse events of any cause were pyrexia in eight (4%) and cellulitis in five (3%) of 184 patients. In the vorinostat group, the most frequently reported serious adverse events were cellulitis in six (3%), pulmonary embolism in six (3%), and sepsis in five (3%) of 186 patients. Serious adverse events considered treatment-related were reported for 36 (20%) of 184 patients in the mogamulizumab group and 30 (16%) of 186 patients in the vorinostat group. The most common treatment-related serious adverse events were pneumonia in four (2%) patients and pyrexia in four (2%) patients for mogamulizumab, and pulmonary embolism in five (3%) patients and thrombo cytopenia in three (2%) patients for vorinostat.
During the randomised period, deaths attributable to adverse events occurred in 12 (3%) of 372 patients. Three (2%) of 184 patients who received mogamulizumab died from an adverse event, two (1%) of which were related to treatment (sepsis and polymyositis), and one (1%) patient having unrelated disease progression. Nine (5%) of 186 patients who received vorinostat died due to an adverse event, of which three (2%) deaths were related to treatment (two cases of pulmonary embolism and one of bronchopneumonia) and six (3%) were considered unrelated to treatment (one each of disease progression; intestinal obstruction, sepsis, or septic shock; endocarditis; pneumonia; depressed level of consciousness; and skin disorder).
In total, 35 (19%) of 184 patients who received mogamulizumab and 43 (23%) of 186 patients who received vorinostat discontinued treatment due to adverse events. The most frequent adverse events leading to discontinuation were drug rash in 13 (7%) patients in the mogamulizumab group and fatigue in eight (4%) patients in the vorinostat group.
Discussion
In the international, randomised, controlled phase 3 MAVORIC trial in previously treated patients with relapsed or refractory mycosis fungoides or Sézary syndrome, the anti-CCR4 antibody mogamulizumab showed statistically significantly superior progression-free survival compared with vorinostat. In addition to meeting the primary endpoint of the trial, mogamulizumab was also superior to vorinostat in terms of the proportion of patients who achieved an overall response, and resulted in improved duration of response and better response by disease compartment. Despite heterogeneity of treatment practices in mycosis fungoides and Sézary syndrome, patients in MAVORIC were balanced in the number and types of previous therapies and, in general, a benefit for mogamulizumab in terms of the proportion of patients achieving an overall response was seen across disease stages. Mogamulizumab showed improved progressionfree survival and proportion of patients with an overall response in the subset of patients with Sézary syndrome, who have very poor overall survival. 4 The adverse event profile of mogamulizumab revealed no new safety concerns in the MAVORIC cutaneous T-cell lymphoma population, with drug rash being the most frequent adverse event leading to discontinuation, similar to that seen in the phase 1/2 trial. 17 Patient-reported outcomes support improvements in disease-related symptoms and functioning in those treated with mogamulizumab.
Clinical response to mogamulizumab was not associated with skin CCR4 expression, which we evaluated as an exploratory endpoint. Absence of correlation between concentrations of drug targets and objective clinical response has been observed with other targeted therapies, such as brentuximab vedotin. [23] [24] [25] Future translational studies of mechanisms or biomarkers linked with global and compartmental responses to mogamulizumab are planned.
Previous trials of new systemic therapies in cutaneous T-cell lymphoma have been quite small (<150 patients), mostly single-arm or with no active comparator, and with the proportion of patients achieving an overall response as the primary endpoint. 10, 18, 19, [24] [25] [26] [27] [28] [29] [30] Efficacy analyses that are focused on such a primary endpoint do not capture key elements of clinical benefit such as duration of response or progression-free survival, and thus cannot fully assess the overall clinical impact of new therapies in this study population with a chronic disease course, although efforts have been made to address this shortcoming. 10 MAVORIC used progression-free survival as the primary endpoint in accordance with international guidelines that recommend this measure as a meaningful primary endpoint in the context of the proportion of patients with an overall response and duration of response. 20 Given some of the unique features of our trialincluding the large randomised design to compare systemic therapies, the use of progression-free survival as the primary endpoint, and the use of rigorous consensus global response criteria with more frequent compartmental assessment-direct comparisons to previous trials are difficult. Furthermore, study subpopulations often differ between cutaneous T-cell lymphoma trials. For example, the randomised phase 3 ALCANZA study 10 of brentuximab vedotin in CD30-positive cutaneous T-cell lymphoma included patients with primary cutaneous anaplastic large-cell lymphoma. Additionally, ALCANZA excluded patients with Sézary syndrome, whereas 45% of patients in our study had Sézary syndrome. Despite our high proportion of previously treated patients with Sézary syndrome, the overall median progression-free survival of the whole study population was significantly improved with mogamulizumab compared with vorinostat. The proportion of patients who achieved an overall response with mogamulizumab was 28%, whereas proportions reported in smaller, mostly non-randomised studies of systemic drugs in cutaneous T-cell lymphoma with varying subpopulations have ranged from 24 (17%) of 139 patients to 21 (70%) of 30 patients. [24] [25] [26] [27] 29, 30 We chose vorinostat as our comparator drug because it is an FDA-approved standard of care option for cutaneous T-cell lymphoma treatment, with proven activity across disease compartments 22 and was not used for first-line systemic treatment of mycosis fungoides or Sézary syndrome, unlike other standards of care such as bexarotene. This choice facilitated accrual in a large study of relapsed or refractory patients with an uncommon disease. However, the proportion of patients who achieved an overall response with vorinostat (5%, 95% CI 2·2-9·0) in our study was notably lower than that reported in previous single-arm studies (29·7%, 19·7-41·5, 18 to 30·8%, 9·1-61·4 19 ). Our data showed that patients in the vorinostat group had appropriate drug exposure (>95% dose intensity) and a sufficient mean duration of treatment exposure (144 days), compared with that reported in the FDA drug approval package for vorinostat (110 days), 22 suggesting that inadequate exposure to vorinostat was not the reason for the low response in this group in MAVORIC. The pivotal phase 2 vorinostat trial by Olsen and colleagues 18 enrolled a similar proportion of people with advanced-stage disease (IIB and higher) and Sézary syndrome, and patients had received a similar number of previous treatments to those in MAVORIC; therefore, differences in the study populations are unlikely to account for the response findings. Differences in response might be partly explained by the randomised design against a comparator, the large study size, and different disease assessments. We used global composite response criteria in our study, whereas in the study by Olsen and colleagues, 18 the reported proportion of patients achieving an overall response (29·7%) was based only on skin response (mSWAT score)-a result more comparable to the skin compartment response of 16% observed with vorinostat in our study. 18 Furthermore, the 28% of patients treated with mogamulizumab who achieved an overall response in our study was also lower than in a previous phase 1/2 study (36·8%), 17 highlighting the ability of a large, randomised design to rigorously define efficacy and safety in this rare disease.
As is the case for other indolent lymphomas, intervention trials aimed at showing the effect of new therapies on overall survival are particularly challenging in cutaneous T-cell lymphoma and are further complicated by the rarity of these malignancies. Thus, MAVORIC was not powered to detect overall survival differences between the two groups within the defined follow-up period. Moreover, the analysis of overall survival is confounded by the one-way crossover design, which was offered to allow patients in the comparator group to receive a potentially promising new therapy. Given these limitations, differences in overall survival could not be adequately evaluated in the MAVORIC study, and at the time of analysis, overall survival outcomes were similar between the two groups. The challenge of overall survival as an endpoint is further shown by the median overall survival for mogamulizumab, which had not yet been reached after 4 years of study enrolment.
The safety of mogamulizumab in MAVORIC aligns with that reported in previous studies. The most common adverse events were infusion-related reactions and drug eruption. Infusion-related reactions with mogamulizumab were mostly limited to early infusions (occurring during the first one or two infusions), mainly grade 1, and managed with standard protocols familiar to practitioners. Drug eruption was also mild in most cases. Although 7% of patients treated with mogamulizumab discontinued treatment because of drug rash, our protocol did not allow treatment with systemic steroids, which can be used in clinical practice to manage this adverse event. Further analyses of mogamulizumab-associated drug rash, including detailed histopathology, mechanism, and effect on outcomes and safety, are ongoing.
Limitations of our trial, including the relatively small size of some patient subsets, clinical heterogeneity according to stage and compartments affected (patch or plaque, tumour, Sézary syndrome, and nodal or visceral disease), and the exclusion of transformed patients with mycosis fungoides, compromised our ability to draw definitive conclusions on the efficacy and safety of mogamulizumab in selected patient subsets. Study stratification for all clinical stages was not feasible in such a rare disease. Therefore, we included stage IIB within the low-stage disease category. Although stage groupings might not reflect the spectrum of clinical heterogeneity in cutaneous T-cell lymphoma, the allocation of patients to treatment across stages was generally balanced but with slightly more patients with stage IIB disease in the mogamulizumab group than in the vorinostat group.
Despite these limitations, and the fact that the treatment landscape inevitably changed during enrolment of MAVORIC, this large prospective dataset provides an opportunity to rigorously describe outcomes of a therapeutic intervention with both a new drug and an FDA-approved therapy available at the time of study inception. We anticipate that in the future, additional treatment options will become available for cutaneous T-cell lymphoma, and studies that compare mogamulizumab with newer therapies, either as monotherapy or in combination, will be warranted.
In summary, our randomised, controlled phase 3 trial showed that mogamulizumab, a novel CCR4-directed monoclonal antibody, was significantly superior to vorinostat, an FDA-approved drug, for progression-free survival, the proportion of patients achieving an overall response, and quality of life in previously treated patients with mycosis fungoides or Sézary syndrome types of cutaneous T-cell lymphoma. The safety profile was manageable and consistent with previous reports. Our study supports mogamulizumab as a valuable new therapeutic option in patients with mycosis fungoides and Sézary syndrome types of cutaneous T-cell lymphoma.
